Orchestration of the severity, duration, and location of inflammation is critical to achieving sterilizing immunity while minimizing tissue injury. The NF-κB pathway is central to establishing this balance. NF-κB promotes transcription of genes involved in every aspect of the immune response, from differentiation and homeostatic regulation of immune cells, to modulation of barrier function and leukocyte recruitment during acute activation and the deployment of immune effector mechanisms that mediate antimicrobial activity ([@bib86]; [@bib3]; [@bib32]; [@bib2]; [@bib79]; [@bib30]; [@bib40]; [@bib5]; [@bib41]; [@bib60]; [@bib65]; [@bib68]; [@bib18]; [@bib37]; [@bib75]; [@bib76]; [@bib78]). Disrupted NF-κB signaling leads to defective pathogen clearance, autoimmunity, and tissue injury ([@bib9]; [@bib31]; [@bib1]; [@bib13]; [@bib8]; [@bib58]; [@bib14]; [@bib56]; [@bib30]; [@bib44]; [@bib53]; [@bib64]; [@bib65]; [@bib17]; [@bib45]).

NF-κB signaling is complex, leading to multiple distinct transcription complexes whose formation and stability are known to be regulated by a wide array of protein modifications, including phosphorylation, ubiquitination, and glutathiolation, as well as modifications by reactive oxygen and nitrogen species ([@bib9]; [@bib47]; [@bib7]; [@bib10]; [@bib51]; [@bib55]; [@bib20]; [@bib42]; [@bib67]). Nitric oxide (NO) has long been appreciated to promote feedback inhibition of NF-κB because of the important role of the high output NO synthase 2 (NOS) in inflammation. However, mammals encode three distinct NOS isozymes: neuronal (nNOS or NOS1), inducible (iNOS or NOS2), and endothelial (eNOS or NOS3; [@bib36]). To determine the precise roles for each of these in inflammatory signaling, we analyzed animals with targeted mutations in each of the three NOS isoforms in two models of sepsis. We demonstrate that, unique among the three NOS enzymes, NO produced by the low-output NOS1 plays a critical role in promoting NF-κB--mediated proinflammatory cytokine transcription in animals and in isolated macrophages.

The canonical NF-κB complex is comprised of p65 and p50 subunits held inactive in the cytoplasm by IκB. The targeted proteolysis of IκB results in nuclear translocation of the p65:p50 complex, and subsequent transcriptional activation. IκB degradation is promoted by a large number of proinflammatory signaling pathways, and its preservation is the target of many antiinflammatory pathways. ([@bib29]; [@bib82]; [@bib6]; [@bib5]; [@bib65]). We therefore determined its status in the *NOS1^−/−^* macrophages challenged with LPS, but found no defect in IκB degradation. Instead, we found that p65 protein levels were not maintained in the knockout cells. Suppressor of cytokine signaling (SOCS1) has been reported to promote the degradation of DNA-bound p65 protein leading to the suppression of NF-κB activity and inflammation ([@bib35]; [@bib54]; [@bib7]; [@bib57]; [@bib66]; [@bib4]; [@bib21]; [@bib74]; [@bib43]). We show that NOS1-derived NO promotes the S-nitrosation of SOCS1, and that this ablates its capacity to bind and target p65 for degradation. Therefore, we show that NO from NOS1 permits the full transcriptional activation of NF-κB in macrophages by suppressing SOCS1.

RESULTS
=======

*NOS1^−/−^* animals are protected from model septic injury and mortality, whereas *NOS2^−/−^* and *NOS3^−/−^* animals demonstrate greater susceptibility
--------------------------------------------------------------------------------------------------------------------------------------------------------

We analyzed the response of *NOS1^−/−^*, *NOS2^−/−^*, and *NOS3^−/−^* animals with an experimental model of sepsis: i.p. LPS injection. Similar to earlier studies, we observed increased mortality in *NOS2^−/−^* and *NOS3^−/−^* animals ([@bib26]; [@bib85]; [@bib52]; [Fig. 1 A](#fig1){ref-type="fig"}). In contrast, *NOS1^−/−^* mice showed increased survival when compared with control animals ([Fig. 1 A](#fig1){ref-type="fig"}). We tested whether compensatory expression changes in NOS1 could help to explain the susceptible *NOS2^−/−^* or *NOS3^−/−^* phenotypes, but we detected comparable levels of NOS1 expression in WT, *NOS2*^−/−^, and *NOS3^−/−^* (unpublished data). We also tested responses to a polymicrobial sepsis model, cecal ligation and puncture (CLP). Again, *NOS1^−/−^* animals were protected compared with WT ([Fig. 1 B](#fig1){ref-type="fig"}). Acute lung injury is a major cause of morbidity and mortality associated with acute systemic inflammation ([@bib49]). Although WT and *NOS3^−/−^* lungs demonstrated marked inflammatory remodeling, as well as increased vascular permeability assessed by capillary filtration analysis (K~fc~), *NOS1^−/−^* lungs were protected in both assays ([Fig. 1, C and D](#fig1){ref-type="fig"}). To determine if these effects were caused by the loss of NOS1 and not by any compensatory effects of gene deletion, we also treated WT mice with the NOS1/NOS2 inhibitor 1-(2-Trifluoromethylphenyl) imidazole, TRIM ([@bib25]). In agreement with many previous studies, we find that NOS2 is not significantly expressed until hours after the activation of inflammation, and expect that TRIM's mechanism of action at this time should be solely through NOS1 (see also [Fig. 5, F and G](#fig5){ref-type="fig"}). Consistent with this, TRIM treatment recapitulated the results of genetic ablation of NOS1 for both mortality and histological correlates of injury ([Fig. 1, E and F](#fig1){ref-type="fig"}). Although NOS2 and NOS3 play protective roles in septic injury, we demonstrate that NOS1, uniquely, promotes the injury associated with model sepsis.

![**NOS1 deficiency protects against model septic injury.** (A) Survival of WT (*n* = 42), *NOS1^−/−^* (*n* = 31), *NOS2^−/−^* (*n* = 40), and *NOS3^−/−^* (*n* = 32) mice injected with LPS (30 mg/kg, i.p.), compiled from at least 3 independent experiments using 10 mice per group, or (B) WT (*n* = 8) and *NOS1^−/−^* (*n* = 8) mice, compiled from 2 independent experiments, were subjected to CLP and survival was monitored for the indicated time. (C) Lungs of WT, *NOS3^−/−^*, and *NOS1^−/−^* mice were harvested 8 h after i.p. LPS challenge and sections were stained with H&E. Representative images from three mice per phenotype analyzed in three independent experiments are shown. Bar, 100 µM. (D) Lung vascular permeability measurements (K~fc~) of WT, *NOS3^−/−^*, and *NOS1^−/−^*, mice before and 8 h after LPS challenge. Three mice per phenotype were analyzed in three independent experiments. \*, P \< 0.05, Student's *t* test. (E) Survival of WT mice treated with LPS alone (*n* = 32) or pretreated for 2 h with TRIM (25 mg/kg, i.p.) before LPS (*n* = 30), compiled from at least 3 independent experiments with 10 mice per group (F). Lung histological analyses were performed on WT mice as in C, either control or with pretreatment with TRIM, as in E. Significance in A--C was determined using Fisher's exact test. \*, P \< 0.02 (B); \*\*, P \< 0.001 (E); \*\*\*, P \< 0.0005 (A).](JEM_20140654_Fig1){#fig1}

NOS1 is required for TLR4-mediated cytokine production and NF-κB activation, in vitro and in vivo
-------------------------------------------------------------------------------------------------

De novo transcription and translation of cytokines plays a critical role in promoting inflammatory tissue injury during sepsis. In accordance with their protection from septic injury, we observed that *NOS1^−/−^* mice displayed significantly decreased plasma cytokine responses 8 h after i.p. LPS treatment compared with WT, whereas *NOS2^−/−^* and *NOS3^−/−^* mice mounted normal cytokine responses ([Fig. 2 A](#fig2){ref-type="fig"}). Macrophages are critical cellular mediators of inflammation in vivo ([@bib46]). We analyzed NOS1 function in these cells and found that they recapitulated the in vivo phenotype of NOS1 deficiency. BM-derived macrophages (BMDMs) prepared from *NOS1^−/−^* mice demonstrated significant reductions in mRNA and protein accumulation for an array of cytokines (TNF, IL1β, IL6, and MIP2; [Fig. 2, B--D](#fig2){ref-type="fig"}). Acute inhibition of NOS1 in WT BMDM by pretreatment with TRIM also reduced cytokine transcriptional responses to LPS treatment ([Fig. 2 C](#fig2){ref-type="fig"}). These broad defects in proinflammatory cytokine transcription led us to investigate the signaling and transcriptional pathways downstream of TLR4. NF-κB activation is critical for expression of a wide variety of inflammatory cytokines, so we interrogated this pathway in the *NOS1^−/−^* cells. Early signaling events in the pathway converge on the degradation of IκB, which liberates the transcription factor complex to the nucleus. *NOS1^−/−^* BMDMs responded to LPS treatment by degrading IκB similarly to WT cells, suggesting that the earliest signaling events triggered by TLR4 are intact. Despite this, we found that reexpression of IκB after degradation is significantly diminished ([Fig. 3, A and B](#fig3){ref-type="fig"}). Because IκB is one of its major targets, we analyzed NF-κB transcriptional activation downstream of IκB degradation. Despite detecting an increase in nuclear p65 DNA-binding activity in LPS-treated WT BMDM, we saw no increase in *NOS1^−/−^* BMDM ([Fig. 3 C](#fig3){ref-type="fig"}). Consistent with this, a mouse macrophage cell line (RAW264.7) stably transfected with an NF-κB--driven luciferase reporter (endothelial cell--leukocyte adhesion molecule \[ELAM\] cells; [@bib19]) and treated with LPS for 6 h demonstrated significantly reduced luciferase reporter activity after pretreatment with TRIM ([Fig. 3 D](#fig3){ref-type="fig"}). Mice expressing another NF-κB--driven luciferase reporter ubiquitously as a transgene (HLL-mice) demonstrated that TRIM treatment could also significantly dampen systemic NF-κB activation in vivo*,* 24 h after LPS treatment ([@bib69]; [Fig. 3, E and F](#fig3){ref-type="fig"}). Our findings demonstrate a novel and important role for NOS1 in promoting a broad array of proinflammatory cytokine expression by driving NF-κB DNA binding and transcriptional activation.

![**Proinflammatory cytokine responses to LPS are diminished in *NOS1^−/−^* animals and cultured macrophages.** (A) IL-1α, IL-1β, and IL-6 in the plasma of WT, *NOS1^−/−^*, *NOS2^−/−^*, and *NOS3^−/−^* mice before and 8 h after LPS (30 mg/kg, i.p.) injection. Cytokine levels in plasma were assessed using a Luminex panel and expressed as relative light units (RLU). Nine mice for each treatment condition and genotype were analyzed and data are compiled from three independent experiments, mean ± SEM. \*, P \< 0.005 (Student's *t* test). (B) Quantitative RT-PCR analysis of cytokine mRNA expression of *TNF*, *IL-6*, and *IL-1β* in BMDMs isolated from WT and *NOS1^-/^*^−^ mice and stimulated with LPS (250 ng/ml). \*, P \< 0.0005. (C) mRNA expression analysis of *TNF*, *IL-6*, and *IL-1β* in WT macrophages (no inhibitor) and WT macrophages treated 2 h with TRIM (100 nM) before LPS (250 ng/ml) stimulation. \*, P \< 0.003 (Student's *t* test). (D) ELISA measurements of TNF and IL-1β cytokine levels in culture media of LPS-activated BMDM (250 ng/ml). \*, P \< 0.02; \*\*, P \< 0.001 (Student's *t* test). Representative data are shown from three (B--D) independent experiments, and are expressed as mean ± SD.](JEM_20140654_Fig2){#fig2}

![**NOS1 is required for NF-κB transcriptional activation but not upstream signaling.** (A) Representative immunoblots for IκB degradation after LPS treatment (250 ng/ml) from WT and *NOS1^−/−^* BMDMs. (B) Densitometry analysis of IκB levels as in (A), normalized to actin, presented as mean ± SEM of quantitation of three independent experiments. \*, P \< 0.02 (Student's *t* test). (C) p65 DNA-binding activity was assayed from the isolated nuclei of WT and *NOS1^−/−^* BMDM before and after LPS (250 ng/ml) for 1 h. \*, P \< 0.001, Student's *t* test. (D) RAW264.7 macrophage cell line stably expressing an NF-κB--driven luciferase reporter (ELAM) were pretreated with TRIM (50 µM) for 2 h and then stimulated with LPS (100 ng/ml) for 6 h. \*, P \< 0.0005, Student's *t* test. C and D are representative of three independent experiments, presented as mean ± SD of three replicates. Representative digital images of (E) and quantitation of (F) NF-κB transcriptional activity from mice expressing a transgenic luciferase reporter (HLL) 24 h after treatment with PBS (control), LPS or LPS after 2 h pretreatment with TRIM (50 mg/kg, i.p.) to inhibit NOS1. Luminescence was evaluated by IVIS 10 min after i.p. injection of 30 mg/kg luciferin. Quantitation focused on activity in the chest (*n* = 6 animals per group compiled from two separate experiments using 3 mice per treatment), and includes basal reporter activity before LPS or PBS treatment for comparison. \*, P \< 0.05 (Student's *t* test). Averages are shown as horizontal bars, red for treated, and blue for control values.](JEM_20140654_Fig3){#fig3}

NOS1 is required to block proteolytic degradation of p65 in LPS-activated macrophages
-------------------------------------------------------------------------------------

Unexpectedly, *NOS1^−/−^* BMDM showed a rapid decrease in p65 protein levels after LPS stimulation, despite comparable expression of p65 in unstimulated cells. This was in clear contrast with WT or *NOS3^−/−^* cells, where p65 protein levels remained stable ([Fig. 4, A and B](#fig4){ref-type="fig"}). NF-κB p50, the canonical binding partner for p65, was not degraded in *NOS1^−/−^* or WT BMDM ([Fig. 4 C](#fig4){ref-type="fig"} and not depicted). p65 is central to canonical NF-κB transcription, so a reduction in its protein level could account for the cytokine transcriptional defects in the absence of NOS1 ([@bib2]; [@bib81]; [@bib5]; [Fig. 2](#fig2){ref-type="fig"}). To determine whether the loss of p65 was caused by synthesis or degradation, we treated *NOS1^−/−^* macrophages with the proteasome inhibitor MG132, and were able to rescue p65 protein levels after LPS treatment ([Fig. 4, A and B](#fig4){ref-type="fig"}). Consistent with this, we compared p65 protein levels in *NOS1^−/−^* and WT BMDMs after blocking de novo protein synthesis with emetin ([@bib23]) and found that knockout cells still lost p65 protein after LPS treatment ([Fig. 4, E and F](#fig4){ref-type="fig"}). These results support the hypothesis that NOS1 blocks proteasomal degradation of p65 in macrophages, rather than affecting p65 synthesis. We prepared cytosolic and nuclear fractions from BMDMs and analyzed p65 protein abundance. Although little difference was detected in cytoplasmic p65, nuclear p65 protein was greatly depleted from *NOS1^−/−^* BMDMs ([Fig. 4 D](#fig4){ref-type="fig"}). This led us to determine the subcellular localization of NOS1 in macrophages. Using immunofluorescence imaging and nuclear fractionation of BMDMs, we found that NOS1 was mainly in the nucleus, regardless of the LPS-activation state of the cell ([Fig. 5, A and B](#fig5){ref-type="fig"}). This finding is consistent with other reports that NOS1 can function in the nucleus and further supports the hypothesis that this enzyme plays an important role in regulating gene expression ([@bib87]; [@bib70]; [@bib83]). We then undertook functional characterization of NOS1 to ensure that it is enzymatically active in BMDMs. Consistent with previous observations that NOS1 is phosphorylated on Ser1412 on activation ([@bib27]), we found that LPS treatment induced NOS1 phosphorylation on this site within minutes in BMDMs ([Fig. 5 C](#fig5){ref-type="fig"}). This correlated with two indirect measures of NO. We detected very early pulses of nitrite (60 min) and peroxynitrite (30 min) production in BMDMs. However, *NOS1^−/−^* BMDMs failed to produce either of these products of NO within this time frame ([Fig. 5, D and E](#fig5){ref-type="fig"}). Similarly, TRIM pretreatment blocked production of either product in WT cells ([Fig. 5 E](#fig5){ref-type="fig"} and not depicted). Consistent with NOS1 activity reported in other cell types, calcium ionophore treatment drove nitrite production in WT, but not in *NOS1^−/−^* BMDMs (unpublished data). To exclude the possibility that NOS2 was contributing to early NO activity, we examined *NOS2* mRNA and protein at time points after LPS treatment. We found no detectable expression in WT or knockout cells until 4 h after LPS treatment, well after the early LPS-mediated NOS activity we detected ([Fig. 5, F and G](#fig5){ref-type="fig"}). Our data demonstrate that LPS stimulation activates mechanisms that promote p65 degradation, and that uniquely among the NOS family enzymes, NOS1 is capable of blocking this, and thereby, of maintaining p65 protein levels.

![***NOS1^−/−^* BMDM fail to maintain p65 protein levels after exposure to LPS.** Representative immunoblots (A) and densitometric quantitation (B) of NF-κB p65 protein levels in BMDM stimulated with LPS (250 ng/ml), normalized to actin, for the indicated times and genotypes. Where indicated, cells were pretreated with MG132 (50 µM, proteasome inhibitor). \*, P \< 0.01. (C) Immunoblot analysis of total NF-κB p50 levels in *NOS1^−/−^* macrophages after LPS (250 ng/ml). (D) Isolated cytoplasmic and nuclear fractions of WT and *NOS1^−/−^* BMDM were probed for p65 by immunoblot before and after LPS (250 ng/ml) for 60 min, GAPDH and HDAC1 are loading controls for cytoplasmic or nuclear protein, respectively. p65 protein degradation dynamics was assessed by (E) immunoblot and (F) densitometric quantitation (normalized to GAPDH) after inhibition of de novo protein synthesis by treatment of BMDM with emetin (100 µg/ml) or control, followed by LPS (250 ng/ml) for the indicated times. The loss of IκBα re-expression demonstrates the effective inhibition of protein translation. For all of the above experiments, representative blots are shown from 3 independent experiments and quantitation, based on all experiments, are presented as mean ± SEM. P-values were determined by Anova two-way test with Bonferroni post-test to compare replicates: \*, P \< 0.02; \*\*, P \< 0.001; and \*\*\*, P \< 0.0001.](JEM_20140654R_Fig4){#fig4}

![**NOS1 localizes to the nuclei of macrophages and is required for rapid NO production after LPS treatment.** (A) Nuclear localization of NOS1 was demonstrated in BMDM after fixation and immunostaining for NOS1 (red), nuclei were counterstained with DAPI and representative images from 2 independent experiments are shown (bar, 25 µM). (B) BMDM cytoplasmic and nuclear fractions were immunoblotted to demonstrate the subcellular location of NOS1. GAPDH and HDAC1 serve as controls for subcellular fractionation. (C) NOS1 Serine 1412 phosphorylation, which correlates with enzymatic activation, was assayed by immunoblot of BMDM stimulated with LPS (100 ng/ml) for the indicated time points. Data are representative of three independent experiments. (D) Nitrite accumulation, as an indirect measure of NO production, was detected in the supernatants of WT and *NOS1^−/−^* BMDM using a Sievers 280i Nitric Oxide Analyzer, before or after LPS (100 ng/ml for 1 h). \*, P \< 0.05. (E) Peroxynitrite production, another indirect measure of NO production, was assayed by incubating WT or *NOS1^−/−^* BMDM with coumarin-7-boronic acid (10 µM) for 30 min, with or without LPS (100 ng/ml). Fluorescence measurement was performed using HPLC. \*, P \< 0.0003. (F) Quantitative RT-PCR analysis of LPS-induced *NOS2* mRNA and (G) immunoblot analysis of NOS2 protein, from WT and *NOS1^−/−^* BMDM treated with LPS (250 ng/ml) demonstrates no detection of the inducible NOS (NOS2) at early time points after LPS in BMDM of either genotype. P \< 0.01 (Student's *t* test). Data are representative of six (D and E) and three (F) independent experiments; all are presented as mean ± SD. Data in B, C, and G are representative of three independent experiments.](JEM_20140654_Fig5){#fig5}

NOS1-derived NO mediates S-nitrosation of SOCS1, blocking its ability to target p65 for degradation
---------------------------------------------------------------------------------------------------

One mechanism reported to direct p65 protein degradation involves the antiinflammatory molecule SOCS1. SOCS1 is reported to mediate ubiquitination of DNA-bound p65 leading to its proteasomal lysis ([@bib7]; [@bib66]; [@bib74]). To determine if SOCS1 could be involved in NOS1-dependent signaling, we analyzed its protein expression in macrophages. WT, *NOS2^−/−^*, and *NOS3^−/−^* BMDM demonstrate decreasing SOCS1 protein abundance for the time period examined. In contrast, *NOS1^−/−^* cells alone demonstrated accumulation of SOCS1 protein that tracked with the drop in p65 protein levels after LPS stimulation ([Fig. 6 A](#fig6){ref-type="fig"}). To determine if SOCS1 is a direct target of NO, we analyzed protein S-nitrosation. By performing biotin switch assays on MG132-treated cells (to retain protein that would otherwise be proteasomally degraded) we found that in WT BMDM, SOCS1 demonstrates low basal S-nitrosation that increases dramatically after 1-h LPS treatment. In stark contrast, *NOS1^−/−^* cells demonstrate much lower basal nitrosation and no detectable increase with LPS treatment ([Fig. 6 B](#fig6){ref-type="fig"}). *NOS2^−/−^* and *NOS3^−/−^* BMDM exhibited low basal and robust LPS-induced S-nitrosation, demonstrating that these enzymes are not required to modify SOCS1 during the time course we studied ([Fig. 6 C](#fig6){ref-type="fig"}). In addition to the effect on protein stability, we also found that NOS1 regulates the ability of SOCS1 to physically interact with p65. Immunoprecipitates of SOCS1 from MG132-treated BMDM show greater binding to p65 in *NOS1^−/−^* than in WT cells ([Fig. 6 D](#fig6){ref-type="fig"}). Finally, we tested the ability of exogenous NO to rescue the defects seen in the knockout macrophages by using the fast-releasing NO donor, diethylamine-nonoate (DEANO). Concurrent treatment with DEANO and LPS reversed the degradation of p65 seen in *NOS1^−/−^* cells, while also promoting the degradation of SOCS1 ([Fig. 6 E](#fig6){ref-type="fig"}). These observations demonstrate that a rapid pulse of NO from NOS1 facilitates SOCS1 degradation, leading to stabilization of p65 protein and sustained NF-κB--dependent transcription. To our knowledge, this is the first demonstration of a posttranslational modification of SOCS1 that regulates its ability to suppress NF-κB nuclear activity.

![**NOS1-derived NO mediates S-nitrosation of SOCS1 and prevents SOCS1-mediated proteasomal degradation of p65**. (A) Immunoblot analysis of p65 and SOCS1 in WT, *NOS1^−/−^*, *NOS2^−/−^*, and *NOS3^−/−^* BMDM treated with LPS (250 ng/ml) for the indicated times. (B) SOCS1 S-nitrosation was detected using the biotin switch method on protein from WT and *NOS1^−/−^* BMDMs pretreated with MG132 (50 µM) for 1 h before treatment with LPS (250 ng/ml) for the indicated times, followed by immunoblotting for SOCS1. (C) *NOS2^−/−^* and *NOS3^−/−^* BMDMs analyzed by biotin switch method, as in B. (D) Co-immunoprecipitation of SOCS1 and p65 in WT and *NOS1^−/−^* BMDMs, pretreated with MG132 (50 µM, 1 h) before LPS (250 ng/ml) for the indicated time intervals. (E) Immunoblot analysis of p65 and SOCS1 total protein levels in *NOS1^−/−^* BMDM treated with DEANO (NO donor, 5 µM) and LPS (250 ng/ml). All blots shown are representative of at least two (C and D) or three (A, B, and E) independent experiments.](JEM_20140654_Fig6){#fig6}

Cys147 and Cys179 are essential for SOCS1 nitrosation and proteasomal degradation
---------------------------------------------------------------------------------

We next sought to determine the exact residues on SOCS1 that are modified by NOS1-derived NO. We used both predictive molecular modeling techniques, followed by functional analysis of individual point mutants of the candidate residues. SOCS1 contains 5 cysteine residues, and we assessed their likelihood for S-nitrosation by in silico docking models ([Fig. 7 A](#fig7){ref-type="fig"}). We analyzed the protein sequence and structure of SOCS1 and modeled the predicted accessibility of each cysteine sulfur atom to the nitrogen atom in S-nitrosoglutathione (GSNO) using minimal energy calculations ([Fig. 7 B](#fig7){ref-type="fig"} and not depicted). We chose GSNO because it is the likely physiological carrier of reactive NO ([@bib77]; [@bib22]). This approach predicted the most susceptible residues to nitrosation were Cys147 and Cys179, which are within the SH2 domain (at the vicinity of the SOCS box) and the SOCS box domain itself (the p65 binding domain), respectively ([Fig. 7, A and B](#fig7){ref-type="fig"}). Modification to these domains could explain our observation that NOS1 decreases the binding between SOCS1 and p65 even in the absence of proteasomal degradation. To empirically verify these in silico predictions, we transiently expressed either WT or individual cysteine to serine point mutant constructs of SOCS1 in HEK293 cells. Transfected cells were exposed to exogenous NO using DEANO, with or without MG132, to assess the susceptibility of each protein to NO-directed proteasomal degradation. In agreement with our in silico predictions, we determined that although WT SOCS1 protein was degraded upon exposure to NO, C147S and C179S mutants were only minimally affected ([Fig. 7, C and D](#fig7){ref-type="fig"}). In contrast, mutations of the three cysteines predicted not to be targets of S-nitrosation (C43S, C78S, and C112S) demonstrated degradation similar to WT SOCS1 ([Fig. 7 C](#fig7){ref-type="fig"}). To confirm that this effect was directly correlated with S-nitrosation, we performed a biotin switch assay. Although WT SOCS1 was robustly modified in the presence of the NO donor, S-nitrosation was dampened in the C147S and C179S mutants ([Fig. 7 E](#fig7){ref-type="fig"}). These findings demonstrate that the two cysteine residues in SOCS1 closest to the SOCS box are critical for regulating the stability of SOCS1 and its capacity to repress p65-mediated inflammatory transcription. Our results demonstrate that modifications of both Cys147 and Cys179 are required for full S-nitrosation and subsequent degradation of SOCS1.

![**Molecular modeling and functional testing demonstrate that Cys147 and Cys179 of SOCS1 are the targets for S-nitrosation.** (A) Protein domain structure of SOCS1 illustrating the positions of all 5 candidate cysteine residues. (B) Molecular modeling was performed to predict the accessibility of cysteine residues of SOCS1 (represented as colored stick atomic models) to the likely transnitrosation donor, GSNO (represented as ball and stick atomic models). The shorter distances between the cysteine sulfur atom and the nitrogen of GSNO are predicted to permit S-nitrosation for Cys147 (4 Å, middle) and Cys179 (6 Å, right), whereas Cys43 (13 Å, left), Cys112 (11 Å, not depicted), and Cys78 (11 Å, not depicted) are predicted to be too far apart to permit the reaction. (C) Representative immunoblots of GFP-tagged constructs of SOCS1 or point mutations of each cysteine (C147S, C179S, C112S, C78S, and C43S) were transfected into HEK293 cells, which were then treated with a 15-min pulse of 20 ng/ml IL-1β. Some of the cells were pretreated with 50 µM proteasome inhibitor for 1 h (MG132 +) and some were treated with 10 µM DEANO for 1 h after IL-1β (NO donor +). Stability of SOCS1 protein levels was determined by immunoblot and (D) quantified relative to β-actin from three independent experiments (mean ± SEM). (E) The capacity of SOCS1 mutants C147S, and C179S for S-nitrosation was compared with WT SOCS1 in transiently transfected HEK293 cells using the biotin switch method. Immunoprecipitates of GFP-SOCS1 variants were assayed for biotin (S-nitrosation), and lysates were immunoblotted for total SOCS1 as control. Data are representative of two independent experiments.](JEM_20140654_Fig7){#fig7}

DISCUSSION
==========

Immunoregulatory functions for NO have long been recognized, owing to the potent induction of the high output, inducible NOS2 isoform associated with the inflammatory response. NO from NOS2 is known to mediate feedback inhibition of proinflammatory signaling pathways, including NF-κB ([@bib59]; [@bib50]; [@bib80]; [@bib12]; [@bib47]; [@bib48]; [@bib62]; [@bib34]). Although some studies have suggested that lower concentrations of NO from NOS1 can promote inflammation ([@bib61]; [@bib33]; [@bib39]; [@bib16]), the mechanism of action for NOS1 has remained obscure. In this study, we demonstrate that NO from NOS1 is critical for NF-κB activity, specifically through the S-nitrosation--mediated degradation of SOCS1, which blocks the targeted proteolysis of p65, permitting sustained proinflammatory gene transcription.

We confirmed a physiologically important role for NOS1 in two models of sepsis, a sterile inflammatory model induced by i.p. treatment with LPS, as well as polymicrobial sepsis resulting from CLP. Both treatments resulted in significantly reduced mortality in *NOS1^−/−^* animals ([Fig. 1](#fig1){ref-type="fig"}). This is unique to NOS1 because, consistent with the findings of others, we demonstrate that *NOS2^−/−^* and *NOS3^−/−^* mice show increased mortality ([@bib26]; [@bib85]; [@bib52]; [@bib16]). Inflammatory cytokines are critical for septic injury, and *NOS1^−/−^* mice and *NOS1^−/−^* BMDM both exhibit diminished cytokine responses to LPS treatment ([Fig. 2](#fig2){ref-type="fig"}). Indeed, pharmacological inhibition of NOS1 with TRIM replicates these *NOS1^−/−^* phenotypes. Although TRIM is able to inhibit the activity of NOS2, as well as NOS1, we do not detect any expression of NOS2 at time points where we can detect and inhibit NOS1-dependent, NO-derived products ([Fig. 5](#fig5){ref-type="fig"}). Collectively, these findings demonstrate that NOS enzymatic activity, specific to NOS1, is required for the inflammatory injury caused by sepsis.

The variety of the cytokines affected hinted at a defect in the inflammatory signaling pathways downstream of TLR4. We were surprised by the observation that whereas IκB degradation was normal in *NOS1^−/−^* macrophages, NF-κB--dependent transcription was significantly reduced ([Fig. 3](#fig3){ref-type="fig"}). Our findings that other proximal signaling pathways activated by TLR4, ERK1/2, and JNK MAPK activation were intact in *NOS1^−/−^* cells led us to scrutinize the NF-κB pathway in more detail (unpublished data). We were surprised to find that the levels of p65 protein were significantly decreased in activated *NOS1^−/−^* macrophages, in clear distinction with WT or *NOS3^−/−^* cells, which maintained p65 protein ([Fig. 4, A and B](#fig4){ref-type="fig"}). We observed that proteasomal inhibition with MG132 could rescue p65 protein levels in *NOS1^−/−^* cells, and that inhibition of protein synthesis with emetin did not abolish the difference between WT and knockout p65 responses. In addition, we observed no changes in protein levels for the canonical p65 binding partner, NF-κB p50 ([Fig. 4 C](#fig4){ref-type="fig"}). Collectively, these findings demonstrate that NOS1-derived NO regulates the specific proteasomal targeting of p65. p50 homodimers can mediate distinct antiinflammatory transcriptional responses compared with the p65--p50 complex ([@bib15]). Our studies therefore suggest that in addition to modulating the intensity of the inflammatory response, NOS1-derived NO may influence the quality of the inflammatory response to TLR4 stimulation, as well.

SOCS1, a signaling molecule best known for negative regulation of JAK/STAT signaling, has been reported to mediate ubiquitination of DNA-bound p65, leading to its proteasomal lysis ([@bib7]; [@bib66]; [@bib74]). This mechanism was consistent with our observations of p65, and indeed, we did find that SOCS1 protein levels were higher in LPS-treated *NOS1^−/−^* cells ([Fig. 6 A](#fig6){ref-type="fig"}). Consistent with this, we used the biotin switch method to find that SOCS1 was S-nitrosated in WT macrophages within 60 min of LPS treatment. Unlike *NOS2^−/−^* or *NOS3^−/−^* cells, S-nitrosation at these time points was completely absent in *NOS1^−/−^* cells ([Fig. 6, B and C](#fig6){ref-type="fig"}). Our predictive modeling and functional mutational analysis of SOCS1 identified Cysteine 147 and Cysteine 179 as being required for S-nitrosation and SOCS1 degradation ([Fig. 7](#fig7){ref-type="fig"}). We also observed that in the absence of proteasomal degradation, *NOS1^−/−^* macrophages display reduced binding of SOCS1 and p65 compared with WT ([Fig. 6 D](#fig6){ref-type="fig"}). It is possible, therefore, that SOCS1 inhibition may be transient and reversible, or more durable once the SOCS1 protein is degraded. This notion is supported by the finding that although the nitroso modification of both Cys147 or Cy179 residues was required to direct SOCS1 proteolysis, the individual mutants retained a reduced ability to bind to p65 ([Fig. 7, C and E](#fig7){ref-type="fig"}; and not depicted).

Unlike other reports that have demonstrated NO can reduce the activity of NF-κB by direct nitrosation as a result of NOS2 activity ([@bib34]), we observed that NO generation from NOS1, within 60 min after TLR4 activation, led to stabilization of the p65 transcription factor. This is in agreement with previously reported in vitro observations that NOS1 regulates the DNA binding ability of p65 ([@bib59]; [@bib50]). We have identified direct nitrosation of SOCS1 as the molecular mechanism for this effect. This extends the importance of SOCS1-mediated regulation of p65, and suggests that the ability to modulate the balance of SOCS1 and p65 through pharmacological targeting of NOS1 could provide important therapeutic interventions to shape the inflammatory responses in a wide range of clinically relevant diseases. Collectively, we find that the anti-inflammatory proteolytic targeting of NF-κB p65 by SOCS1 is an active mechanism during LPS stimulation of macrophages, and that NO, derived uniquely from NOS1, is required to suppress SOCS1 and drive sustained inflammatory transcription.

MATERIALS AND METHODS
=====================

### Animals and cell culture.

Animal handling and experiments were conducted in accordance with the policies of the Animal Care Facility of the University of Illinois at Chicago and the National Institute of Environmental Health Sciences (NIEHS). All animals were acquired from The Jackson Laboratory. *NOS1* knockout mice, *NOS2* knockout mice, and *NOS3* knockout mice were obtained from JAX. WT C57BL/6 animals were used as control. Strain-specific genotyping was performed by Transnetyx Inc. In all experiments, we used 8--12-wk-old male animals. BMDMs were prepared from C57/BL6, *NOS1^−/−^*, *NOS2^−/−^*, or *NOS3^−/−^* mice (The Jackson Laboratory) by culturing single-cell suspensions of BM for 5--7 d in Dulbecco's minimal essential medium (DMEM) from Invitrogen or RPMI (Gibco) made complete by addition of 10% heat-inactivated FBS (Atlanta Biologicals or Gibco), 100 U/ml penicillin and 100 µg/ml streptomycin from CellGro by Mediatech or 1% (vol/vol) Antibiotic-Antimycotic mix from Life Technologies, with 10--20% L929 cell-conditioned (ATCC) complete DMEM medium. Macrophages were washed and lifted by spraying cells with 1 mM EDTA in 1× PBS from an 18-gauge needle (BD), and then plated for experiments 1--3 d later. RAW264.7 cells stably transfected with the ELAM luciferase reporter ([@bib28]) were cultured in RPMI (Life Technologies) made complete as above. Luciferase expression was assessed by lysing cells (Promega), adding Luciferase Assay Reagent (Promega) and detection using a Wallac Victor2 (PerkinElmer).

### In vivo studies.

Septic inflammation was induced in mice using two methods. i.p. LPS animals received an intraperitoneal injection of 30 mg/kg LPS (*Escherichia coli*, 0111:B4; Sigma-Aldrich), a dose demonstrating a mortality rate of \>80% in C57/BL6 animals. CLP was performed under ketamine/xylazine anesthesia as described previously ([@bib63]). The distal 20% (below the ileocecal valve, ∼1 cm from the tip) of the cecum was ligated with a 6--0 suture. The cecum was punctured 4 times with a 20-gauge needle. For survival studies, lethal endpoints were observed for 96 h, at which point all remaining animals were sacrificed. For histopathological observation, animals were sacrificed and lungs were removed 8 h after treatment. Lungs were fixed in 10% neutral buffered formalin, dehydrated, embedded in paraffin, sectioned, and then stained with hematoxylin and eosin (at the facilities of Research Histology and Tissue Imaging Core \[RHTIC\], University of Illinois, Chicago, IL). Microvessel K~fc~ was measured to determine the pulmonary microvascular permeability to liquids, as described previously ([@bib84]). In brief, after standard 30 min equilibration perfusion, the outflow pressure was rapidly elevated by 13 cm H~2~O for 20 min and then returned to normal. The changes of lung wet weight reflect net fluid extravasation. At the end of each experiment, lungs were dissected free of nonpulmonary tissue, and lung dry weight was determined. K~fc~ (ml/min/cmH~2~O/dry weight \[g\]) was calculated from the slope of the recorded weight change normalized to the pressure change and to lung dry weight. For some experiments, the NOS1/NOS2 dual inhibitor, 1-(2-trifluoromethylphenyl) imidazole (TRIM; 25 mg/kg, i.p.) was administered 2 h before LPS administration.

For cytokine production analysis, blood samples from 6 mice per phenotype were clotted and centrifuged 2,000 *g* for 20 min, and serum was stored at −80°C until assay. The concentrations of IL-1α, IL-1β, and IL-6 were detected by ELISA Luminex xMAP detection, according to the manufacturer's instructions (EMD Millipore).

HLL transgenic mice (C57B6/DBA background) express Photinus luciferase cDNA under the control of proximal 5′ HIV-LTR promoter. Only 8--12-wk-old males were used in the experiment. Bioluminescence intravital imaging was performed using an IVIS charge-coupled camera (PerkinElmer). 24 h after the indicated treatment, mice were anesthetized by isoflurane, fur was removed from chest and abdomen, 100 µl luciferin (300 mg/ml) was injected i.p. (Caliper Life Sciences), and imaging was performed 10--15 min later. Quantitative analysis was performed by selecting signal over the chest area only, and data were expressed as photons per second.

### Nitrite and peroxynitrite measurements.

Nitrite, a stable metabolite of NO, was measured in culture supernatants by chemiluminescence. BMDMs were washed twice with HBSS and incubated in serum-free HBSS (Life Technologies) containing 1 mM L-arginine (Sigma-Aldrich) at 37°C, and treated with LPS (*E. coli*, B4:111) for 2 h. After treatment, media was collected, kept ice cold, and centrifuged to remove floating cells. NO concentration in the culture medium was assessed indirectly by measuring NO~2−~ accumulation using a 280i Nitric Oxide Analyzer (Sievers Instruments) and reported as nmol NO per mg protein. Measurement of peroxynitrite production was done using Coumarin-7-boronate (CBA; Sigma-Aldrich). BMDM plated in 6-well plates, either treated with 100 µM TRIM (Sigma-Aldrich) for 1 h or control, were washed twice with DPBS, and incubated in serum-free HBSS buffer containing 20 µM CBA. Cells were then stimulated with LPS (250 ng/ml). Catalase (10 U/ml; Sigma-Aldrich) was also added in the negative control group. After 60 min, media was collected and centrifuged at 3,000 rpm for 5 min. Fluorescence analysis of the oxidation product 7-OH-coumarin (COH) was performed on a Beckman-Coulter HPLC system. Samples (20 µl) were separated on a Synergi-Fusion (250 × 4.6 mm; Phenomenex) using an isocratic elution with 35% vol/vol acetonitrile, at a flow rate of 1 ml/min. Fluorescence was measured using 350 nm (excitation) and 450 nm (emission). Authentic COH solution was injected onto the HPLC to verify the retention time and generate a standard curve.

### Confocal analysis.

For SOCS1 and p65 staining, BMDMs were plated on coverslips (19-mm diam) and stimulated in 12-well plates. Cells were fixed with 2% paraformaldehyde for 15 min at room temperature and permeabilized for 10 min with ice-cold 100% methanol slowly added to prechilled cells at −20°C. All subsequent steps were conducted at room temperature. The cells were blocked with 5% BSA in 1× PBS for 1 h, and then stained with primary antibodies (mouse anti-SOCS1 and rabbit anti-p65 antibody from Cell Signaling Technology; 1/200 in blocking buffer) for 1 h. After washing with PBS (×5), the cells were stained with Alexa Fluor 568--conjugated goat anti--rabbit IgG and Alexa Fluor 488--conjugated donkey anti--mouse IgG (1/500 in PBS) for 1 h. DAPI was used for nuclear counterstaining according to the manufactorer's protocol. The coverslips were mounted onto glass slides with VECTASHIELD Mounting Media (Vector Laboratories) and analyzed on a LSM 510 META confocal laser scanning microscope (Carl Zeiss) fitted with: 25 mW diode UV laser (DAPI, blue), 1 mW HeNe laser (Alexa Fluor 546, red), 30 mW tunable Ar laser (Alexa Fluor 488, green), and 63×/1.2 Water DIC C-Apochromat objective (UIC imaging core facility). Images were all taken with the same set exposure and processed using LSM software (Carl Zeiss).

### mRNA isolation, cDNA synthesis, and real-time PCR.

Total RNA was isolated from BMDMs using TRIzol reagent according to the manufacturer's specifications (Invitrogen). cDNA was synthesized using TaqMan RT-PCR kit (Life Technology) according to the manufacturer's specifications. qPCR was performed using Power SYBR Green PCR Master Mix (Applied Biosystems) on a 7500 Real-Time PCR System (Applied Biosystems). The following primer sets (each 5 pmol) were used to amplify cDNA fragments: *TNF* forward primer 5′-TTCGGCTACCCCAAGTTCAT-3′ and reverse primer 5′-CGCACGTAGTTCCGCTTTC-3′; *IL-1*β forward primer 5′-CCATGGCACATTCTGTTCAAA-3′ and reverse primer 5′-GCCCATCAGAGGCAAGGA-3′; *IL6* forward primer 5′-CCACGGCCTTCCCTACTTC-3′ and reverse primer 5′-TTGGGAGTGGTATCCTCTGTGA-3′; *GAPDH* forward primer 5′-GCACAGTCAAGGCCGAGAAT-3′ and reverse primer 5′-GCCTTCTCCATGGTGGTGAA-3′. Cycle threshold (Ct) values were transformed to linear scale (1/2^Ct^), and the resulting data were normalized to GAPDH values for each sample. Data are presented as the percentage of the maximal mRNA response for each dataset. Analysis was performed with Microsoft Excel. To analyze levels of *NOS2* mRNA in BMDM, total mRNA was isolated from 1.2--1.4 × 10^6^ BMDM with RNA STAT-60 (Tel-Test, Inc.) according to manufacturer's protocol. 4.6 µg of total mRNA was converted to cDNA using high capacity cDNA RT kit (Applied Biosystems), and 0.46 µg of resulting cDNA was further analyzed by qPCR using Fast SYBR Green Master mix (Applied Biosystems), AB7500 cycler, and the following primers: *NOS2* forward 5′-CAGCTGGGCTGTACAAACCTT-3′; *NOS2* reverse 5′-CATTGGAAGTGAAGCGTTTCG-3′ ([@bib11]; [@bib73]); *GAPDH* forward 5′-AACGACCCCTTCATTGAC-3′; *GAPDH* reverse 5′-TCCACGACATACTCAGCAC-3′. Ct values were analyzed as above. All values were normalized to the values obtained for *GAPDH* for the same sample to correct for differences in cell number. Results are presented as fold change compared with untreated controls.

### Nuclear/cytoplasmic fractionation, cytokine, and p65 DNA binding measurements.

The separation of nuclear extracts from cytoplasmic fractions was performed using a Nuclear/Cytosol Extraction kit (BioVision,), Nuclear Extraction kit (Cayman Chemical Company), or NE-PER Nuclear Protein Extraction kit (Thermo Fisher Scientific). Efficient cytoplasmic and nuclear fractionation was confirmed by Western blotting analysis using anti-GAPDH antibody (Cell Signaling Technology) for cytoplasmic fraction and anti-HDAC1 antibody (Santa Cruz Biotechnology, Inc.) for nuclear fraction. NF-κB p65 activity (nuclear DNA binding) was measured with NF-κB (p65) Transcription Factor Assay kit (Cayman Chemical Company) according to the manufacturer's protocol. ∼1 µg of nuclear proteins were analyzed for each condition. Results were obtained with Spectra Max M5^e^ (Molecular Devices) plate reader (absorbance at 450 nm). The same pools of BMDM were used to measure cytokine levels in parallel to confirm the phenotype, analyzing TNF and IL-1β cytokines with ELISA kits obtained from Thermo Fisher Scientific. Measurements were performed with a Spectra Max M5^e^ (Molecular Devices) plate reader at 450 and 550 nm.

### Immunoblotting, co-immunoprecipitation, and biotin switch assays.

For immunoblot analysis, cells were lysed in RIPA buffer (Santa Cruz Biotechnology, Inc.) containing protease and phosphatase inhibitors (Sigma-Aldrich), resolved on NuPAGE 4--12% gels (Novex; Life Technologies), and blotted and probed with the following antibodies against phospho-nNOS-Ser1412, p50, IκBα, GAPDH (Santa Cruz Biotechnology, Inc.), SOCS1 (Abcam), HDAC1, NOS1, GAPDH, β-actin, and anti-p65 (Cell Signaling Technology). After secondary HRP staining (Cell Signaling Technology or Jackson ImmunoResearch Laboratories), chemiluminescence was detected using SuperSignal (Thermo Fisher Scientific) or a luminol-coumeric acid-H~2~O~2~ chemiluminescence solution, and film (Denville Scientific Inc.) Images were digitally scanned (HP Officejet J4550 scanner) and analyzed using ImageJ (National Institutes of Health; [@bib71]). For coimmunoprecipitation, cells were lysed in NP-40 lysis buffer (20 mM Tris-HCL, pH 8.0, 137 mM NaCl, 10% glycerol, 1% NP-40, 2 mM EDTA) with protease inhibitors. Protein concentration was normalized using the BCA assay (Bio-Rad Laboratories). 100 µg of protein lysate was incubated with mouse anti-SOCS1 antibody (Invitrogen) plus protein A/G agarose beads (Santa Cruz Biotechnology, Inc.) overnight, rotating at 4°C. Beads were washed 4× with lysis buffer and protein was analyzed by immunoblot. Biotin-switch assays were conducted using the S-nitrosylated Protein Detection kit (Cayman Chemicals) according to the manufacturer's instructions. Differentiated BMDM were pretreated with MG132 (50 µM) for 1 h and stimulated with LPS (250 ng/ml) for 30 min. S-nitrosated proteins, isolated from an equal number of cells, were precipitated using streptavidin Dynabeads (M-280 Streptavidin; Invitrogen), resolved by NuPAGE 4--12% gels (Novex; Life Technologies) and immunoblotted with either peroxidase-conjugated anti-SOCS1 antibody (1:100; Cell Signaling Technology) or rabbit anti-SOCS1 antibody (1:1,000; Abcam), followed by HRP-conjugated secondary antibody (anti--rabbit; Jackson ImmunoResearch Laboratories).

### Expression of GFP-tagged SOCS1 and cysteine mutants in HEK293 cells.

HEK293 cells were maintained in complete DMEM. Cells were transiently transfected with pCMV6-AC-GFP Vector (OriGene), which expresses SOCS1 (mouse; available from GenBank under accession no. [NM_009896.2](NM_009896.2)) driven by the constitutive CMV promoter, using Lipofectamine 2000 reagent according to the manufacturer's protocol. Cysteine mutations (C147S, C179S, C43S, C78S and C112S) were introduced in SOCS1 ORF (GenScript USA Inc.). HEK293 cells were stimulated with a 15 min pulse of 20 ng/ml IL-1β (Prospec Inc.) and treated with 10 µM DEA NONOate (DEANO) for 1 h (Alexis Biochemicals). Diethylamine NO (DEANO) is a member of the NONOate class NO donors. At 37°C, pH 7.4, it generates NO spontaneously with a half-life of 2.1 min ([@bib72]). Total SOCS1 and corresponding p65 protein level was also determined in the presence and absence of 50 µM MG132 (Sigma-Aldrich) to inhibit proteasomal lysis.

### Molecular modeling and computational docking.

The 3-dimensional structure of SOCS1 region (residues 65--212) was available from Protein Model Port, while a model of the N terminus (residues 1--64) was constructed using the I-Tasser modeling server. Ramachandran plot analysis was done using SAVES server to test the model quality. The 3-dimensional conformer of the substrate S-nitrosylated glutathione (GSNO; CID_104858) was initially retrieved from Pubchem compound search. The Accelrys discovery studio program (Discovery Studio Modeling Environment; Release 4.0; Accelrys Software Inc.) was used to energy minimize the structure using CHARMM force field parameters. Charges on the NO-Cys were then manually implemented as reported in a recently published study ([@bib24]). GSNO was then exported to Mcule docking for docking calculations. Mcule utilizes the docking calculations based on program AutoDock Vina. The preparation of protein and substrate file was done according to the standard AutoDock procedure. In brief, including conversion of input ligands defined by mcule IDs, SMILES, or InChI strings to 2D MOL, generation of defined stereoisomers, conversion of ligand 2D MOL to 3D MOL, conversion of ligand 3D MOL to PDBQT, preparation of docking targets and finally docking. Out of the best four docking poses the top scoring one was analyzed further. Castp server was used for protein pocket detection. The hydrophobicity index for the pocket was calculated according to the Kyte-Doolittle scale ([@bib38]) using the Protein GRAVY module of the Sequence Manipulation Suite server.

### Statistical analyses.

Statistical analyses were performed using Microsoft Excel or Prism (GraphPad). Significance was assessed using two-tailed Student's *t* test, Anova two-way test with Bonferroni post-test, or Fisher's exact test. All data are representative of at least two independent experiments and error refers to standard deviation unless otherwise stated.
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